The trigeminal sensory system is unique in its innervation of structures specific to the orofacial area. Nociceptive trigeminal afferents are known to synapse with second-order neurons in the trigeminal subnucleus caudalis (Sp5C) in the brain stem. The activity of neurons within the Sp5C is responsible for the relay of nociceptive signals to higher brain centers. Recent evidence suggests that central sensitization may be fundamental to many trigeminal-specific painful neuropathies, including trigeminal neuralgia and migraine.
INTRODUCTION
The trigeminal sensory system represents a distinct and complex functional unit, with its own well characterized nociceptive and modulatory pathways [1] . A range of severe facial pain syndromes, with varying aetiologies, are associated with trigeminal neuropathy [2] . Pain associated with nociceptor activation within structures specific to the orofacial area, such as the tooth pulp [3] and cornea [4] , as well as the cranial dura [5] , do not have clinical correlates in the spinal somatosensory system [6] . As such, the treatment regime for trigeminal-related pains may differ from that of spinal neuropathic pain.
Guidelines for the pharmacological treatment of neuropathic pain include tricyclic antidepressants, opioid analgesics and gabapentin, either alone or in combination; yet there is still clearly an unmet clinical need [7] . Recent success with the N-type calcium channel blocker, Ziconotide, has not escaped caveats associated with a narrow therapeutic window and the need for intrathecal injection [8] . These treatment strategies are in contrast to those employed for trigeminal-related pain, such as migraine [9] , where toxicity issues prevents their use in the head or facial area.
Anti-convulsants, such as carbamazepine, are often the primary medication used to treat chronic trigeminal neuralgia [10] ; in more severe cases invasive procedures may be considered. Deep brain stimulation is one alternative for drugrefractory craniofacial pain syndromes [11] . Ultimately, surgery is an inevitable last resort for intractable trigeminal pain [10] . The rationale for the majority of available medications is to target and reduce neuronal activity directly. However, the glial cell population represents an untapped pool of possible pharmacological targets that, as we shall see, may prove more fruitful in the search for effective trigeminal neuropathic pain therapies.
It has become clear that two types of glial cell of the central nervous system (CNS) -microglia and astrocytes -play a pivotal role in the mechanisms of chronic pain, both at the spinal and trigeminal level. This review aims to incorporate these recent ideas with the latest findings in both central and peripheral trigeminal systems, with particular emphasis on the roles that microglia may play in the mechanisms of painful trigeminal neuropathies.
We begin by briefly introducing the basic anatomy of the trigeminal system and provide the rationale for studying trigeminal, as opposed to spinal, mechanisms in terms of nociceptive signaling. The review will focus more closely on the mechanisms of microglial activation, which occur soon after trigeminal nerve injury. It will also highlight the intrinsic properties of microglia in the various reported activation states. Finally, we will reflect on the implications of the latest findings in microglial activation properties.
TRIGEMINAL NEUROANATOMY
The trigeminal sensory system is responsible for relaying sensory information bilaterally from oral, facial and cranial regions to the CNS via three main branches of the trigeminal nerve: opthalmic, maxillary and mandibular [12] . The majority of trigeminal afferents are pseudounipolar with cell bodies lying in semilunar ganglion, with the exception of proprioceptive afferents whose cell bodies lie in the mesencephalic nucleus of the trigeminal nerve. Within the CNS there is a modal and somatotopic distribution of trigeminal primary afferents fibers between the various brain stem nuclei [13] [14] [15] . The majority of large diameter afferents are generally thought to synapse with neurons in the principal sensory nucleus, and small diameter fibers instead descend in the spinal tract to synapse with neurons in the large spinal nucleus of the trigeminal nerve (Sp5) [16] [17] [18] .
The Sp5 has been subdivided into three parts based on cytoarchitectural differences observed in rabbit, monkey and human species [19] . From rostral to caudal these subnuclei are: oralis (Sp5O), interpolaris (Sp5I) and caudalis (Sp5C; also abbreviated 'Vc'). Of these three subnuclei, the Sp5C has been seen as contiguous with the spinal dorsal horn, lending the term 'medullary dorsal horn' [1] . The Sp5C has itself been subdivided into the layers zonalis marginalis, substantia gelatinosa, and magnocellularis, that roughly correspond to lamina I, lamina II, and lamina III-V of Rexed [20] , respectively, yet are anatomically distinct from the spinal cord [17] .
TRIGEMINAL AND SPINAL PRIMARY AFFER-ENT SIGNALLING

Similarities and Differences
Since the gate control theory of Melzack and Wall was proposed in 1965, the spinal and medullary dorsal horns have remained an area of intense research into the processing of incoming nociceptive signaling from the periphery to the CNS [21] . Nociceptive primary afferents synapse in the superficial layers of the spinal dorsal horn [22] . Thinlymyelinated A -fibers and unmyelinated C-fiber afferents of the trigeminal nerve have also been shown to innervate the superficial layers of the Sp5C [18, 23, 24] . Importantly, the Sp5C has received concurrent research into nociceptive processing based on many well-documented differences with the spinal sensory system [1, 6] .
Trigeminal Nociceptor Specificity
Interest in the pain specificity of trigeminal sensory signaling intensified when it was realized chronic facial pain known as 'trigeminal neuralgia' could be treated by the surgical transection of the spinal tract of the trigeminal nerve [25] ; the anatomical separation of high-threshold nociceptive fibers to this region meant that low-threshold mechanosensitive fibers remained intact [26] and thus patients retained relatively normal facial mechanosensation.
Unmyelinated C-fiber primary afferents can be separated into two broad categories: those containing neuropeptides (peptidergic/IB4-negative) and those with immunoreactivity for the plant lectin isolectin B4 (non-peptidergic/IB4-positive) [27] . In contrast to the spinal system, trigeminal afferents appear to show wider distribution across the medullary dorsal horn [6] . Heavy immunoreactivity for the neuropeptides substance P and calcitonin gene-related peptide (CGRP) occurs throughout the Sp5C and continues rostral to near the border with the subnucleus interpolaris [18] , also known as the 'Vi/Vc transition zone' (Sp5I/Sp5C boundary) [15] . Immunoreactivity for IB4 can be seen to overlap that of substance P and CGRP in the most caudal part of the Sp5C but is lacking at the boundary with the Sp5I [24] . At the ultra-structural level, CGRP-containing afferent terminals appear most dense at the outer border of the Sp5C lamina II, with less CGRP fibers penetrating the inner lamina II [28] . A proportion of IB4-positive trigeminal ganglia neurons have been reported to contain CGRP, and vice versa [23] . This suggests that unmyelinated trigeminal afferents display a divergent anatomical distribution, yet at the same time includes a subset of fibers with an overlapping neurochemical phenotype.
The response of primary afferents to nerve injury also appears to differ between spinal and trigeminal systems. Less ectopic spontaneous activity was recorded in trigeminal infraorbital nerve (ION) after nerve transection compared with the same procedure in the sciatic nerve, with C-fibers, in particular, showing the greatest contrast [29] . Sprouting of sympathetic afferents within spinal ganglia that is characteristic after nerve injury is noticeably absent from trigeminal ganglia [30, 31] .
TRIGEMINAL NEUROPATHIC PAIN
Microglia Respond to Trigeminal Nerve Injury
One of the most common causes of chronic orofacial pain is as a consequence of direct nerve injury after surgery, for example third molar extraction [32] . To address the mechanisms behind this phenomenon, various models of trigeminal nerve injury have been developed. In the trigeminal system, ligation or transection of the ION and inferior alveolar nerve (IAN) are the most commonly used models to study trigeminal injury [33] [34] [35] . Early attempts to analyze microglial activation and proliferation were performed after ION injury and whisker follicle removal [36, 37] and more recently IAN injury [33] . In each case, the location of the microglial response corresponded to the central terminals of trigeminal primary afferents as detailed in the anatomical tracings of the ION and IAN [38, 39] . In the case of whisker follicle removal, the microglia response matched the known somatotopy in the Sp5C and other subnuclei [37] . Microglia reactions to ION injury were concentrated particularly in the superficial layers of the Sp5C, suggesting an exaggerated response to the central terminals of C-fiber afferents, specifically [23, 37] . On the other hand, microglial reaction to sciatic nerve injury was greater in the deeper lamina where myelinated fibers terminate [36] . Interestingly, no microglia reactions were found at the second and third synapses of the trigeminal sensory relay after nerve injury [36] . Though yet to be confirmed in other nerve injury models, this finding emphasizes the important contribution of direct primary afferent contact to microglial activation after peripheral nerve injury [37] . Interestingly, microglia hyperactivity has been detected in the rostral ventromedial medulla after chronic constriction injury (CCI) of the ION in adult rats, suggesting involvement in the descending modulation of pain transmission, although a similar response was observed in sham operated animals [40] .
Functional Microglia Response
It has previously been shown that activation of microglia occurs in the superficial layers of the Sp5C after transection of the IAN and mental nerve [33] . The microglial response was maximal 3 -7 days after injury, indicated by elevated expression of the microglial marker cluster of differentiation molecule 11b (CD11b; also known as complement receptor-3; OX-42) and phosphorylated p38-mitogen activated protein kinase (MAPK). The microglia response also corresponded to the same region of c-Fos expression detected in the Sp5C after nerve injury [33] . The development of mechanical allodynia in a similar rat model involving chronic constriction of the IAN was attenuated by administration of the p38-MAPK inhibitor SB203580 [41] . Recently, partial ION injury has been shown to induce glial changes in the region of the caudal medulla in the mouse [35] . An up-regulation of CD11b was observed as early as one day after injury. Further, a proportion of these cells was found to contain bromodeoxyuridine (BrdU) suggesting the proliferation as well as 'activation' of microglia in this region.
Trigeminal-Specific Neuropathies
Migraine
Despite many years of theory relating migraine to dilation of the cranial vasculature, accumulating evidence points to central sensitization in the persistence and perhaps generation of migraine pain [9, 42] . Chemical stimulation of the rat dura can produce sensitization of Sp5C neurons to subsequent periorbital mechanical stimulation; once initiated, this central sensitization results in a long-lasting mechanical hypersensitivity that can no longer be attenuated by peripheral nerve block [43] . In a similar experiment, the activity of spinal trigeminal nucleus neurons to mechanical and thermal stimulation of the periorbital skin could be normalized by intravenous administration of cyclooxygenase 1 (COX1) and COX2 inhibitors [44] . Cyclooxygenase is known to be upregulated in ischaemic [45] and epileptic [46] brain pathologies, as well as after spinal cord injury [47] with increased expression of both isoforms seen in microglia.
Recently, there has been success in the use of the pan opioid receptor blocker naloxone as a prophylactic treatment for migraine patients; an almost counterintuitive result that may be linked to effects on microglia [48] . It has been reported that morphine can induce COX1 expression in microglia, and inhibition of microglia with minocycline significantly potentiated the analgesic effect of systemic morphine [49] . Together with other reported effects of opioids on microglia [50] , including P2X4 receptor up-regulation [51] , these results suggest that microglial activation may play a role in migraine pathology.
Trigeminal Neuralgia
Recently, multiple sclerosis-related trigeminal neuralgia was found to correlate with lesions of central projections of primary afferents in the spinal trigeminal nucleus [52, 53] . Microglia represent a likely candidate for mounting an immune response to demyelination of trigeminal afferents. In multiple sclerosis, or the animal model autoimmune encephalomyelitis, microglia respond to a lesion by phagocytosing damaged tissue and promoting neural regeneration [54] . Ironically, it is perhaps these mechanisms that are detrimental in the case of nociceptive primary afferent neurons [55] . In the case of multiple sclerosis-related trigeminal neuralgia, a relapse-remitting form of the disease may lead to a synchronous microglia reaction to the central projections of primary afferents that could be responsible for spontaneous, trigeminal neuralgia-like pains.
TRIGEMINAL INFLAMMATORY PAIN
Microglia Respond to Inflammatory Insult
Formalin injection into the facial area of adult rats induces up-regulation of several microglial markers in the superficial region of the Sp5C, including the major histocompatability complex (MHC) class I and class II antigens OX-18 and OX-6, respectively, as well as OX-42 [56] . Inflammatory irritants, such as mustard oil, also have the ability to increase facial receptive field size [57] . Prevention of this inflammation-induced central sensitization by inhibition of p38-MAPK has been suggested to involve a microglial mechanism [58] . In the spinal cord there exists two p38-MAPK isoforms -alpha and beta -which are expressed in neurons and microglia, respectively [59] . All known p38-MAPK isoforms are thought to play a role in inflammatory responses [60] , therefore pharmacological experiments must consider the specific role of each isoform with respect to neuron and microglia functions.
Subcutaneous injection of an inflammatory agent to the facial area produces a microglia response in the Sp5C [56] , whereas injection to a deep orofacial region has been shown to elicit a strong astrocyte reaction in the Sp5I/Sp5C boundary [61] . These results are in keeping with tracing studies showing that cutaneous inputs are received by the Sp5C, whereas fibers innervating deep tissues of the orofacial area terminate preferentially at the Sp5I/Sp5C boundary [15] . The Sp5C and Sp5I/Sp5C boundary have both been strongly implicated in the processing of incoming nociceptive information [62] . As mentioned earlier, trigeminal nociceptive afferents projecting to the Sp5C and Sp5I/Sp5C regions may vary in the degree of peptidergic versus non-peptidergic C-fibers. Do the inflammatory reactions in the different regions represent different activating processes, or merely reflect anatomical differences? Unlike the spinal cord, the trigeminal system appears unique in its degree of intra-and intersubnuclear signaling [63] . Further studies of this signaling network may allow a functional dissection of injury-specific neuropathies that is not possible in spinal pain models and may reveal mechanisms of central sensitization specific to the trigeminal system [1, 64] .
Astrocyte Response
Inflammation-induced trigeminal hypersensitivity could be attenuated by the aconitase inhibitor fluorocitrate, suggesting astrocyte metabolism is also a necessary factor in the development of trigeminal central sensitization [57] . In response to an injection of the inflammatory agent complete Freund's adjuvant into the rat massetter muscle, an astrocyte reaction -in the form of an elevated glial fibrillary acidic protein (GFAP) signal -was observed at the Sp5I/Sp5C boundary [61] . The authors present evidence that interleukin (IL)-1 is released from astrocytes and can phosphorylate the NR1 subunit of the N-methyl-D-asparate (NMDA) receptor via a phospholipase C (PLC)/protein kinase C (PKC) pathway [61] . Further evidence suggests that substance P release from trigeminal afferents, leading to elevated nitric oxide, may be the initial trigger for astrocyte reactivity [61] . This proposed mechanism of central sensitization of trigeminal neurons fits with the description of GFAP-positive astroctyes seen at the electron microscopic level in close apposition with substance P-positive primary afferent terminals in the Sp5C [65] .
The historic view of astrocyte function as support cells of the CNS has, not surprisingly, been reassessed in light of new evidence for a more engaging role in neuronal function. Glutamate has in fact been found to play an integral role in direct signaling between astrocytes and neurons [66] . Instead of merely sequestering glutamate spill-over from synaptic activity, astrocytes convert the acquired glutamate to glutamine, which in turn is 'shuttled' back to the neurons. Inhibition of a key enzyme involved in this process, glutamine synthetase (GS), has been shown to reverse the sensitization of Sp5C neurons that occurs within the first hour of an irritant (mustard oil) applied to the rat tooth pulp [67] . This suggests that astrocytes, at least in terms of their glutamate recycling capacity, can have a direct effect on the behavior of central trigeminal neurons in response to an inflammatory insult directed to peripheral trigeminal nerves. For a further description of the role of astrocytes in neuron-glia interactions in the trigeminal sensory system readers are directed to two excellent recent reviews [58, 64] .
NEURON TO MICROGLIA SIGNALLING
The pattern of microglia activation after injury appears linked to the central projections of trigeminal primary afferents, in particular those of unmyelinated C-fibers. However, the nature of the triggering factor(s) that lead to microglia activation remain enigmatic. Peripheral nerves are abnormally activated by nerve injury and inflammation. These hyper-activated primary afferent nerve terminals release various neurotransmitters and substances that may have long term effects on secondary neurons and glia in the CNS.
Primary Afferent Activity Triggers Trigeminal Central Sensitization
Microglia isolated from the hippocampus of epilepsy patients show relatively activated properties [68] , suggesting microglia respond to excessive neuronal activity in the brain. The activity of Sp5C neurons is increased after trigeminal nerve injury [34] , reflecting an enhanced excitability or 'sensitization' of second-order trigeminal neurons [69] . The integrity of the Sp5C is critical for the processing of nocicpeptive signaling in the trigeminal spinal nucleus [70] . Morphine injected into the Sp5C inhibits the nociceptive responses of Sp5O neurons [71] and central sensitization in the Sp5O has been shown to be dependent on adenosine 5'-triphosphate (ATP)-gated P2X receptors within the Sp5C [72] . Finally, central sensitization of thalamic relay neurons by mustard oil application to the tooth pulp was prevented by block of synaptic transmission of Sp5C neurons by cobalt application [73] .
A number of studies have shown the activity of Sp5C neurons to be directly modulated by C-fiber stimulation. The propagation of excitation within the Sp5C by tetanic afferent stimulation in vitro was shown to be dependent on C-fiber innervation; the response was absent in rats that were previously exposed to neonatal capsaicin treatment, which caused the selective loss of unmyelinated C-fiber afferents to the Sp5C [74] . In vivo, noxious C-fiber stimulation of cutaneous facial afferents led to an increase in the activity of Sp5C neurons as measured by extracellular recording [5] , as did mustard oil application to the tooth pulp [75] . The induction of long term potentiation (LTP) in the spinal cord by stimulation of C-fibers of the sciatic nerve -either electrically or by capsaicin application -was recently shown to result in a mechanical hypersensitivity; behavioral changes were mirrored by an increase in ionized calcium-binding adaptor molecule-1 (Iba-1) immunoreactivity in spinal microglia and change in microglial morphology [76] . Furthermore, the behavioral sensitization and microglial activation could be prevented by the microglial metabolic inhibitor minocycline [76] . Interestingly, levels of activating transcription factor-3 (ATF-3) remained low, and the pattern of CGRP-positive and IB4-positive terminals remained unchanged, suggesting a lack of axonal damage during stimulation. The response therefore appeared to be driven purely by the activity of unmyelinated primary afferents. Consistent with this result, complete nerve block with bupivucaine prior to spared nerve injury of the rat sciatic nerve prevented the activation of p38-MAPK in spinal microglia [77] ; however, bupivucaine applied after injury could not reverse the microglial changes. These results suggest that primary afferent activity, leading to microglial activation, are the initiating factors in spinal and possibly trigeminal central sensitization.
Central Degeneration and/or Regeneration
Morphological or chemical changes may occur to primary afferents as they attempt to recover from physical or chemical injury. It has been reported that factors released from damaged sensory neurons in vitro can induce glial cell activation when applied to the spinal cord [79] . Death of neurons in the trigeminal mesencephalic nucleus by ricin injection of the trigeminal nerve induced microglial activation characterized by an increase in tyrosine phosphorylation, followed by the appearance of an amoeboid microglial morphology [80] . The authors further suggest that elevation of tyrosine kinase activity is an early event in the microglial response to nerve injury [81] . After corneal infection with herpes simplex virus (HSV), microglia in the trigeminal spinal nucleus appear to respond to apoptosis of terminal dUTP nick end labeling (TUNEL)-positive neurons [82] . At rest, brain stem microglia displayed faint immunoreactivity for Iba-1 which became significantly up-regulated in the vicinity of virally infected afferents.
Gasserian (trigeminal ganglion) rhizotomy in the cat led to postsynaptic thickening of second-order trigeminal neurons in the Sp5I suggestive of deafferentiation [83] . Evidence exists supporting a role for microglia (and astrocytes) in phagocytosing degenerative primary afferents in the trigeminal nuclei after nerve transection; the glial cells were found to contain axon debris as early as seven days postoperative [84] . On the other hand, no evidence of phagocytosis was observed in the superficial layer of the Sp5C sur-rounding the microglia response to formalin injection in the rat [56] . The function of the microglia response may therefore depend on the type and severity of peripheral injury, for instance inflammatory versus neuropathic transection injury.
A method of quantifying microglial activation after spinal nerve injury has been developed by Beggs and Salter [85] ; their results demonstrated that the activation of microglia had spread outside the field of central terminals of the injured nerve. Such an enlargement of the area of microglial response may provide the substrate for the reshaping of facial receptive fields in the trigeminal spinal nucleus [57, 86] . In spinal cord, sprouting of A-fiber afferents to substantia gelatinosa neurons has been demonstrated after spinal nerve injury [87] and appears dependent on C-fiber activation [88] . Regeneration of primary afferents leading to an increase in receptive field size has been proposed as a mechanism of central sensitization after IAN transection in rat [34] ; the same model having previously been used to demonstrate microglial up-regulation in the Sp5C [33] .
Neosynaptogenesis of primary afferents caused by a lesion of the contralateral facial sensory motor cortex has recently been documented in the Sp5C of the rat [89] . Intriguingly, the authors point to C-fibers targeting the superficial Sp5C as one of the predominant fiber-types observed in the plastic response. The question of whether microglia play a role in this regeneration effect remains unanswered but we may find clues to their function by contrasting with the microglial response to peripheral nerve injury. After ION injury, microglia reactions in the spinal nucleus have been observed up to 60 days post injury [37] ; this indicates that in certain cases microglia may perform an additional long-term role that parallels the time course of either degeneration or reorganization of trigeminal primary afferents.
Chemical Release Factors
Numerous substances released from peripheral neurons, such as glutamate [90] and ATP [91] have been shown to affect the microglial state. Platelet-derived growth factor (PDGF) and substance P from dorsal root ganglion neurons can activate microglia in the spinal cord through PDGF betareceptors [92] and neurokinin-1 (NK-1) receptors [93] , respectively, that are expressed on microglia.
The fractalkine receptor, CX3CR1, is a useful immunohistochemical and functional marker for brain microglia [94] . Ligand binding of CX3CR1 initiates MAPK and phosphatidlyinositol-3 kinase signaling cascades leading to migration and morphological changes via actin rearrangement in microglia [95] . Fractalkine-CX3CR1 signaling is also a putative mechanism of direct contact between neurons and microglia [96] . Fractalkine (the CX3CR1 ligand) is expressed in neurons, where it either remains bound to the cell membrane or is cleaved and released as a soluble form of neuronal fractalkine (sFNK) [96, 97] .
Intrathecal injection of sFNK has been shown to induce mechanical allodynia and thermal hyperalgesia in the rat [97] . Further, endogenous sFNK from peripheral neurons amplified microglia activation, and maintained central sensitization via its interaction with CX3CR1 on microglia [97] . It has recently been demonstrated that noxious-like electrical stimulation of the dorsal root of spinal cord slices from neuropathic rats led to increased sFNK release from primary afferent neurons [98] . In addition, it was shown that membrane-bound fractalkine cleavage, resulting in release of the soluble form sFNK, was mediated by the proteolytic enzyme cathepsin S, which was released from microglia [98] . This final result intriguingly suggests that initial microglia activation, by an as yet unknown signal, is up-stream of sFNK release.
In contrast to sFNK, recent evidence suggests that membrane bound fractalkine-CX3CR1 binding by direct contact between neurons and microglia may instead act to attenuate microglial activation [99] . Microglia also express another receptor, CD200R, that has a counterpart ligand, CD200 (OX2), at the neuronal membrane [100] . Again, interaction between neuronal CD200 and the microglial receptor CD200R is purported to decrease microglial activation [100] . These data suggest that neuron-microglia contact is necessary for maintaining microglia in a quiescent state [101] . It is wholly possible that this neuron-microglia contact may be lost in the case of deafferentiation, inferring consequences for microglial activation in trigeminal and spinal superficial dorsal horns after peripheral nerve injury.
GLIA-NEURON SIGNALLING IN TRIGEMINAL GANGLIA
Trigeminal neuropathies associated with peripheral mechanisms represent a major contribution to orofacial pain after nerve injury [102] . Glia-neuron signaling may therefore not only be important in the spinal nucleus of the trigeminal nerve but also within the trigeminal ganglia that contain the cell bodies of trigeminal afferent neurons.
Neuropeptides in Trigeminal Ganglia
The relevance of CGRP to painful trigeminal conditions has received particular attention with respect to migraine pathophysiology [103] . Circulating levels of CGRP are known to be elevated during migraine attack [104] and CGRP receptor antagonists show promise as effective therapies in migraine treatment [105] . Previous hypotheses on migraine pathophysiology have included mechanisms of neurogenic inflammation, such as the vasodilator function of CGRP released from the peripheral terminals of trigeminal afferents in the dura mater [9] .
Mediators released from trigeminal satellite glia after IL-1 or nitric oxide (NO) treatment, were able to facilitate capsaicin-induced release of CGRP [106] . Though the mechanism behind this response was not explored further, it points to an activity-dependent hyperexcitability of trigeminal C-fibers after inflammation. It has been shown previously that CGRP can itself promote NO release from satellite glia [107] , feasibly continuing the cycle of release through a paracrine feedback mechanism. Indeed, the close apposition of satellite glia cells and neurons in the trigeminal ganglia after inflammation [108] appears to support their chemical interaction. These data suggest an additional function of CGRP at the trigeminal ganglia in promoting neuronal excitability.
Purinergic Receptors in Trigeminal Ganglia
Purinergic receptors on trigeminal ganglia neurons and satellite glia have been characterized using an in vitro cul-ture [109] . The study demonstrated that the response of trigeminal neurons to an agonist acting at the ATP-gated ion channel P2X3 increased soon after application of the proinflammatory agent bradykinin. After 24 hours exposure to bradykinin the responsiveness of neurons to P2X3-receptor activation returned to control; however, the percentage of responsive neurons had decreased. The response of satellite glia to metabotropic P2Y receptor activation, on the other hand, increased after chronic exposure of bradykinin [109] . These results suggest that neuronal P2X3 receptors may be involved in the early stages of trigeminal neuroinflammation, while satellite glia P2Y receptors may mediate a long-term response.
In dorsal root ganglia, P2X3 has been shown to be almost exclusively expressed in non-peptidergic, IB4-positive neurons [110, 111] . In trigeminal ganglia, however, a moderate percentage of IB4-negative, peptidergic (CGRP-positive) neurons also express the P2X3 receptor [112] . The coexpression of CGRP with the P2X3 in IB4-negative trigeminal ganglia is also increased after tissue inflammation [113] . Long-term exposure of cultured trigeminal ganglion neurons to CGRP has been shown to increase the amplitude of P2X3-mediated ionic currents and speed the recovery of the receptor from desensitization [114] . Intriguingly, the authors note the time course of P2X3 up-regulation by CGRP to be consistent with the known onset of migraine pain. Increased P2X3 protein has also been detected in trigeminal ganglia after IAN injury [115] and partial ligation of the ION [116] . In addition, P2X3-containing receptors have been identified in lamina II of the Sp5C [112] , where the activation of the P2X2/3 receptor subtype located pre-synaptically has been shown to facilitate the release of glutamate from trigeminal afferents [117] .
ATP release is thought to be intrinsic to astrocyte communication and the propagation of Ca 2+ waves therein, and current evidence suggests that similar communication may also occur between astrocytes and neurons [118] . The close physical relationship observed between astrocytes and nerve terminals in the Sp5C [65] provides the infrastructure for activation of pre-synaptic P2X receptors. If it were the case that CGRP release in response to astrocyte IL-1 release [106] also occurs at the central terminals of trigeminal nociceptive afferents [61] , an interesting mechanism can be proposed: The presence of reactive astrocytes in the superficial Sp5C region may affect primary afferent nociceptive neurons via sequential CGRP and P2X3 mechanisms, which, in coordination with ATP release from astrocytes, may lead to self-enhanced glutamatergic neurotransmission in the Sp5C. Interestingly, central sensitization in the Sp5C and Sp5O after mustard oil (MO) application to the tooth pulp was attenuated by intrathecal administration of P2X receptor antagonist in the Sp5C [72] . Further experiments revealed that endogenous activation of P2X receptors was involved in the Sp5C central sensitization, and that sensitization spread to the Sp5O in a P2X receptor-dependent manner [72, 75] . Could pre-synaptic P2X receptor activation, via the "purinergic regulatory complex", as proposed by Kato et al. [119] be relevant to the mechanisms of migraine pathophysiology?
Cytokines in Trigeminal Ganglia
After HSV infection of the trigeminal nerve, Iba-1 positive microglia-like cells in the trigeminal ganglia co-express basic fibroblast growth factor suggesting a neuroprotective function [82] ; this is in contrast to microglia in the trigeminal spinal nucleus, which -in the same study -appear to adopt a phagocytic phenotype in response to neuronal apoptosis. Interestingly, the authors observe an increased expression of the cytokine tumor necrosis factor (TNF)-, which colocalizes not with Iba-1 but with GFAP, indicating astrocytelike satellite cells as the source of the cytokine [82] .
The cytokine IL-6 can induce microglial activation and ATF-3 over-expression in spinal dorsal horn [120] . The study by Latremoliere et al. found over-expression of IL-6 in the spinal dorsal horn of sciatic nerve CCI rats but not in the Sp5C of ION-CCI rats, suggesting IL-6 signaling may be a critical factor in somatic neuropathic pain but not trigeminal neuropathic pain after CCI nerve injury [120] . The potent pro-inflammatory cytokine IL-1 has also been implicated with GFAP-positive glial cells in trigeminal ganglia following injection of complete Freund's adjuvant to the whicker pad of the rat [108] . In primary cultures of trigeminal satellite glial cells, IL-1 has been demonstrated to elevate release of prostaglandin E 2 (PGE 2 ) from GFAP-and GSpositive cells, via the inducible form of COX, COX2 [106] .
Other proinflammatory cytokines, such as interferon (IFN)-
, and TNF-, had no effect on PGE 2 levels [106] .
MICROGLIA VERSUS ASTROCYTE MECHA-NISMS
The results described above represent an interesting possible distinction between glial cell functions. Astrocyte mechanisms, involving IL-1 release, may affect neuronal excitability by increasing nociceptor activity directly [121] or through NMDA receptor phosphorylation [61] . On the other hand, microglial mechanisms, elucidated in the spinal cord, appear more complex and have suggested an IFN-pathway to central sensitization [122] : IFN-signaling is believed to be the prerequisite to P2X4 receptor up-regulation [122] , leading to brain-derived neurotrophic factor (BDNF) release [123] and the downregulation of the potassium/chloride cotransporter, KCC2. In turn, decreased KCC2 activity may reverse the response of spinal projection neurons to gammaaminobutyric acid (GABA) from inhibitory to excitatory [78] The molecular mechanisms relating to microglia activation are discussed further in later sections.
The time course of microglial and astrocyte reactions is known to differ, with the microglial response generally considered to be the earliest after injury [33] ; indeed there is evidence to suggest that the astrocyte GFAP response is secondary to microglial activation [124] . Whether the two cytokine pathways summarized above operate concertedly or independently to induce neuronal hyper-excitability is currently unknown, though in the spinal cord, at least, cytokine pathways may have multiple and overlapping functions [125] .
By coincidence or otherwise, the majority of microglial studies in neuropathic pain have focused on the spinal system [123, 126] , whereas recent data on astrocyte mechanisms have been obtained in the trigeminal system [57, 61, 67], though not exclusively [127] . The preference of inflammatory pain models in the trigeminal system compared to neuropathic pain models in the spinal system, perhaps due to technical limitations and the shift to mouse models in spinal studies, may explain the divergent mechanisms appearing in the literature. Undoubtedly, microglial and astrocyte mechanisms are at play, which appears the case at least after nerve injury in the trigeminal system [33, 35] .
MICROGLIA
Microglia can be described as resident macrophages of the CNS. They are widely distributed in all regions of the brain and spinal cord and display a ramified morphology described as 'resting' in physiological conditions. Resting microglia possess highly dynamic processes, which perform a surveillance role in the CNS [128] [129] [130] . In certain pathophysiological conditions, microglia transform into an 'activated' state: a phenotype described by morphological changes, expression of various inflammatory mediators, as well as migration and proliferation activity [131] [132] [133] .
The majority of studies to date have been performed on microglia isolated from brain; however, the literature available on microglial properties after nerve injury, particularly in the trigeminal and spinal systems, remains limited [134, 135] . In the second part of our review we wish to discuss the intrinsic membrane properties of microglia, and the markers, receptors and ion channels therein, that may bear reference to the role of microglia in the trigeminal sensory system.
Microglial Markers
Microglia may be identified by various expression markers that also offer clues to their activation status [101] . Two of the most commonly used markers are CD11b (OX-42), an antigen representing cells of a myeloid lineage, and Iba-1, a calcium binding protein shown to be involved in membrane ruffling [136] . Iba-1 is also up-regulated by pathological conditions such as cerebral ischaemia [137] , and in macrophage at least may be up-regulated by IFN- [138] . Lipocortin-1 (LC1), a member of the annexin protein family, has also been used as a brain-specific microglial marker [37] .
Metabotropic Receptors
Metabotropic or G-protein-coupled receptors play a role in microglial activation via two mechanisms: activation of signaling molecules and elevation of intracellular calcium levels. Intracellular signal cascades are mediated by several highly expressed microglial membrane proteins. Elevation of intracellular calcium levels in microglia by metabotropic receptors has been widely reported, such as by metabotropic glutamate receptors [139] , muscarinic receptors [140] , histamine receptors [141] , purinergic P2Y receptors [142] , CC chemokine receptors [143] and toll-like receptors [141] . Moreover, many metabotropic receptors may share dual roles by triggering intracellular signaling cascades and/or Ca 2+ rises that can alter membrane protein expression as well as the production of many cytokines and chemokines. The release of such effector molecules seems critical to changes in neuronal plasticity and central sensitization [144] .
Inflammatory Mediator Receptors
Each phenotype associated with microglia activation could be a direct consequence of specific signaling pathways. For example, activation of IFN-receptor activates microglia via Lyn kinase activation [122] , and beta chemokine receptor activation is linked to extracellular signal-related kinase 1 (ERK1), ERK2 and MAPK pathways [145] . Toll-like receptor activation by lipopolysaccharide (LPS) has been shown to stimulate the p38-MAPK pathway and production of matrix metalloproteinases, which may relate to cleavage of pro-IL-1 [146, 147] . Further elucidation of these and other receptor-mediated pathways in microglia of the neuropathic trigeminal system may indicate their relevance to phenotypes such as morphological change, migration, proliferation, and further cytokine and/or chemokine release.
Metabotropic Glutamate Receptors
Microglia express a surprising number of neurotransmitter receptors [148] . Glutamate is the most fundamental neurotransmitter for excitatory synaptic signaling in the brain. Metabotropic glutamate receptors (mGluRs) consist of three groups of receptors (group I, II, III) and all have been identified on microglia. mGluR5, a group I mGluR, has been found in spinal as well as brain microglia [139] . Activation of mGluR5 by the specific agonist (RS)-2-chloro-5-hydroxyphenlglycine (CHPG) inhibited microglial activation in response to spinal cord injury [149] and the inflammatory mediator, LPS [150] . CHPG reduced the levels of galectin-3, TNF-, NADPH oxidase components and inducible nitric oxide synthase via a G protein/PLC/PKC pathway, as well as reducing the levels of ED1 (a lysosomal marker found in activated phagocytes) and Iba-1 [150] . CHPG also attenuated microglial-induced neuronal toxicity and led to a decreased inflammatory response [149] [150] [151] .
Functional expression of group II mGluRs, mGluR2 and mGluR3, have been reported in microglia, which appear to evoke an 'activation' response. Activation of each receptor led to a neurotoxic microglia activation which was blocked by a corresponding mGluR-specific antagonist [152] . Furthermore, the group II mGluR agonist chromogranin A (CGA) induced microglial activation and neurotoxicity in a manner similar to amyloid plaques in Alzheimer's disease and was attenuated by mGluR blockade [152] . Among group III mGluRs, mGluR4, mGluR6 and mGluR8 have been identified on microglia. Group III mGluR activation induced a mild level of microglial activation, as confirmed by enhanced signal of ED1 but did not cause neurotoxicity. Interestingly, microglial reactivity and neurotoxicity induced by LPS, CGA and amyloid (A ) was reduced by a group III mGluR-specific agonist [153] .
The above evidence suggests that metabotropic glutamate receptor activation may be correlated with changes in the activation state of microglia. The presence of glutamate receptors provides microglia with the potential to directly respond to nerve activity, such as excessive glutamate release from primary afferents in the Sp5C likely after trigeminal nerve injury. Measurement of the response to metabotropic receptor activation or the up-or down-regulation of molecular markers, either by immunohistochemistry or molecular techniques, can reveal clues to the activation status of microglia. However, these techniques offer low temporal resolution of the time course of microglial activation.
P2X Receptors in Microglia
Great advance in microglial physiology has been made using electrophysiology to understand changes to microglial membrane properties down to the millisecond timescale [154] [155] [156] [157] . Despite being a 'non-excitable' cell, microglia express a wide variety of ion channels that govern cell functions in resting and activated states [158] . [90, [158] [159] [160] . The expression profile of microglial ion channels is dynamic and the ion channels themselves may play a critical role in microglial activation and response [123, 161] . The study of microglial membrane conductances to measure ion channel function is therefore an accessible paradigm to examine the early mechanisms of microglial activation.
P2X receptors are thought to be expressed in several different activation states of microglia. As ionotropic receptors gated by ATP, their role in microglia is likely to allow Ca 2+ influx and initiate Ca 2+ -dependent intracellular responses [162] . P2X4 and P2X7 receptor subtypes in particular appear to play crucial roles in neuropathic and inflammatory pain [163, 164] ; however, little is known about their functional role in microglia. Although P2X4 receptors are rarely expressed in 'resting' adult microglia (except near blood vessels [165] ), microglia in animal models of neuropathic pain show up-regulation of P2X4 receptors in a Lyn tyrosine kinase-dependent manner [166] . The presence of P2X4 is also necessary for the release of BDNF from microglia [123] . P2X7 receptors are also expressed in microglia where their function is, in part, related to IL-1 release [167] . Microglial P2X4 receptors have become synonymous with microglial activation [51, 55, 123, 126, 168, 169] . ATP can itself up-regulate P2X4, as well as p38-MAPK, in spinal microglia [170] . ATP applied to the spinal cord was shown to induce LTP of C-fiber-evoked field potentials, suggesting a purinergic mechanism may be relevant to central sensitization of spinal neurons [170] . However, the critical function of the P2X4 receptor, either via Ca 2+ signaling or protein interactions, and more importantly the mechanisms of its activation, remain to be elucidated.
Microglial properties often compare with that of macrophage following macrophage differentiation [158] . A study of P2X receptors in peritoneal macrophage revealed functional P2X1, as well as P2X4, receptor responses in minimally activated macrophages [171] . In order to record the fast-desensitizing P2X1 response the authors briefly cultured the macrophage in the presence of an enzyme to degrade endogenous ATP in the extracellular milieu; this suggests that P2X1 receptor activation is likely to be the first microglial response to an ATP signal [171] . Immunohistochemical experiments have demonstrated P2X1 receptor expression in microglia in early development [165] ; understanding their functional role in microglia may add an interesting facet to microglial purinergic signaling.
Potassium Channels in Microglia
K
+ channels have been suggested as one of the most important ion channels in governing microglial intrinsic membrane properties and homeostasis. Comparing electrophysiological studies of microglia recorded in isolated culture, acute and cultured brain slices reveals functional differences in the expression of K + channels. Delayed rectifier K + currents were more prominent in microglia in brain slice cultures than in microglia from acute slices [172] . Cultured microglia exposed to astrocyte-conditioned medium (ACM) display up-regulated delayed rectifier K + channel function via a mechanism of serine/threonine kinase activation [173] ; in addition, ACM-treated microglia transform from amoeboid into ramified morphology. These observations suggest that microglia adopt a different state depending on the experimental conditions and that K + currents are a functional marker for these changes.
Evidence suggests that K + channels may be directly involved in microglial activation, as well as the release of inflammatory mediators. The enhanced expression and production of the pro-inflammatory cytokines IL-1 , IL-6, IL-8 and TNF-by chronic treatment of A peptide in microglia, via a p38-MAPK pathway, could be inhibited by the broadspectrum K + channel blocker, 4-aminopyridine (4-AP) [161] . This result also suggests that K + channel activity may be linked to p38-MAPK activation. K + efflux through 4-AP sensitive channels has also been suggested to optimize the function of the enzyme capase-1, a critical step in the release of mature IL-1 [174] .
The expression of three different types of K + channels has been confirmed in microglia: inward rectifier channels, voltage-gated 'delayed rectifier' channels, and Ca 2+ -activated K + channels. As we discuss, these channels appear to regulate microglial proliferation, migration, and the release of cytokines and chemokines.
Inward Rectifier Potassium Channels
Inward rectifier K + channels (K ir ) are open at negative membrane potentials and close in response to membrane depolarization; their voltage-dependence allows K + efflux positive to the K + reversal potential (around -80 mV in microglia [175] ). Several reports indicate that microglial cells with more negative resting membrane potentials have stronger K ir channel activity, and vice versa, suggesting these channels directly regulate the microglial resting membrane potential [175] [176] [177] . K + currents recorded in microglia were strongly activated by membrane hyperpolarization and were inhibited by external Ba 2+ , Cs + and quinine applications [155, 178] . The molecular identity of these microglia channels was suggested to be K ir 2.1 channels using reverse transcriptase polymerase chain reaction (RT-PCR) experiments in the microglia cell line, BV-2 [179] . In culture, microglia exhibit prominent K ir channel current, with an apparent lack of other K + channel activity [176, 180] . Unstimulated microglial cells are dominated by a K ir conductance in culture [181] . Microglia activated by LPS show a down-regulation of K ir channels; this change is accompanied by up-regulation of another K + current [178, 182] . These data indicate that K ir channels are expressed in relatively 'resting' (non-stimulated) microglia and are down-regulated in the 'activated' state. However, studies also suggest that K ir channels are involved in process of microglial activation. Blockade of K ir by Ba 2+ inhibited microglial proliferation in colony-stimulating factor-1-treated microglia [180] and facial nerve axotomy led to an up-regulation of K ir channels in microglia within 12h [134] . The relationship between K ir channel function and the time course of microglial activation remains to be elucidated.
Voltage-Gated 'Delayed Rectifier' Potassium Channels
Delayed rectifier K + channels (K v ) are responsible for K + efflux in response to membrane depolarization and have been identified in activated microglia [172] . Microglia stimulated by LPS express the K v 1.5 channel subtype [183] and a 4-AP-sensitive current has been shown to contribute to the resting membrane potential in LPS-activated microglia [175] . Nitrite production -a marker of microglial activationwas reduced by 4-AP as well as by K v 1.5 knockdown with antisense oligonucleotides, and K v 1.5 knockout experiments [184] . This suggests that changes in the expression pattern of K v 1.5 channels may play an important role in the initiation of microglial activation [183] .
The K v 1.3 channel subtype has been cloned from primary cultured microglia using RT-PCR [185] . K v 1.3 expression levels were modulated by transforming growth factor-and altered in slice culture conditions [179, 186] . In addition, K v 1.3 channels in microglia are up-regulated in response to A peptide, the main constituent of amyloid plaques in the Alzheimer's disease [161] . LPS or L-glutamate can also increase microglial K v 1.3 expression level; this effect was reduced by application of minocycline, an inhibitor of microglial activation through blockade of p38-MAPK [187] .
Both K v 1.5 and K v 1.3 are expressed differentially in states of microglial activation; K v 1.5 expression appears to correlate with a non-proliferating phenotype of microglia in slice culture, whereas expression of the K v 1.3 channel subtype correlated with microglia proliferation [184] . Furthermore, immunohistochemical data has confirmed that the change in expression from K v 1.5 to K v 1.3 was simultaneous to the enhanced proliferation [186] . In a model of facial nerve axotomy, delayed rectifier K + channels were expressed 1 day after injury and remained until 3 days, but were downregulated 7 days after axotomy [134] . Interestingly, the microglial proliferation rate after facial nerve lesion was higher in K v 1.5 gene knockout animals as compared to wild type [134] . Delayed rectifier K + channels therefore appear to play dynamic and varied roles in the early stages of microglial activation.
Calcium-Activated Potassium Channels
The intracellular concentration of Ca 2+ can be elevated by influx of extracelluar Ca 2+ through ionotropic receptors and channels, or release from intracellular Ca 2+ stores. Ca 2+ -activated K + channels (K Ca ), which are activated by increasing intracellular Ca 2+ , have been identified in microglia [178] . K Ca channels are sub-categorized by their unitary conductance property as large conductance (BK), intermediate conductance (IK) and small conductance (SK) K Ca channels.
Microglia exhibit K Ca currents in cultured brain slices. The currents showed voltage-dependence, had a large unitary conductance and were inhibited by extracellular tetraethylammonium chloride application [172] . Human microglia in hippocampal slices obtained from the temporal lobe of epilepsy patients express BK channels (K Ca 1.1), which were shown to be modulated by the chemokine macrophage inflammatory protein (MIP)-1 [68] . That microglia exhibit K Ca currents in cultured brain slices but not in acutely prepared slices [172] suggests that microglia undergo a functional change after long term culture. This finding emphasizes the need to interpret with caution electrophysiology experiments performed under differing conditions. Expression of IK channels (K Ca 3.1) encoded by the gene kca3.1 has been reported in cultured microglia. IK channel currents were induced by lysophospholipid via increase in the level of intracellular Ca 2+ and were blocked by charybdotoxin [188] . IK channels appear to contribute to microglia activation and nitric oxide-dependent neurodegeneration. Neuronal death and degeneration was markedly reduced using the selective inhibitor of IK channels, triarylmethane-34 (TRAM-34). IK channels could be functionally related to activation of the p38-MAPK pathway, which can induce the release of pro-inflammatory cytokines and chemokines as well as nitric oxide [189] .
Several subtypes of SK channel -SK2 (K Ca 2.2) and SK3 (K Ca 2.3) -were identified in microglia using RT-PCR. SK3 channel proteins were detected with specific antibodies and functional expression of the SK2 channel was confirmed using the antagonist apamin [190] .
The activity of the various K Ca channels expressed in microglia is likely to be driven down-stream either from Ca 2+ signaling via metabotropic receptor-activation of Ca 2+ stores or activation of Ca 2+ permeable ion channels, which as we have described above appear to play a critical role in the mechanisms of microglial activation. K Ca channel activity may therefore play an intermediary role between receptor activation and changes in microglial membrane properties.
CONCLUDING REMARKS
In this review, we have summarized evidence for possible microglia contributions to trigeminal nerve injury, trigeminal neuralgia and migraine. Greater understanding of microglia and their pathological mechanisms may lead us to new concepts in the treatment of trigeminal-specific pain. We propose the trigeminal system as an ideal model to study the properties and behavior of microglia at the interface of sensory signaling. The somatotopic and functional distribution of primary afferent inputs to the trigeminal spinal nucleus [1] allows microglia to be studied at a variety of locations (Sp5C; Sp5I/Sp5C boundary; Sp5O) specific to unique and well-characterized sensory pathways [62, 191] . It is also possible to ask questions concerning intra-or inter-nuclear signaling [63] and the pathological significance of microglia involvement in its modulation. Such studies may offer clues to potentially multiple roles for microglia in nociceptive modulation, not just in trigeminal but also spinal neuropathic pain.
Even 'at rest', microglia are by no means static and show dynamic activity in the CNS [130] ; it therefore follows that microglial properties may change on an equivalently rapid time scale. As we have described, several membrane conductances, including those carried by K + and Ca 2+ ions, may underlie the mechanisms of microglial activation. Electrophysiology studies therefore hold promise to measure such changes to microglial membrane properties. Recording microglia in a physiologically 'resting' condition is inevitably compromised by the need to dissect microglia from CNS tissue. According to early studies of microglia within brain slices, even acute preparation cannot avoid the activation of microglia at the slice surface [155] . In contrast to the defined activation phenotypes of peripheral macrophage [192] , there exists no comprehensive index to distinguish the stages of microglial activation in relation to their microenvironment. However, this may be overcome by the use of experimental conditions relevant to the particular microglia state under study, whether by dissociated culture, acute brain slice or slice culture. Further, advances in microscopy and the use of genetically modified mice [94] should allow the identification of relatively 'resting' microglia deep within brain slices. Future electrophysiological studies of microglial properties may even help to elucidate the characteristics that define their likely varied activation states.
Our knowledge of microglia functions may be greatly enhanced by furthering our understanding of the interactions between neurons and microglia in the normal 'resting' condition, as well as in pathology. Microglia appear to be kept in quiescence by a balance of suppressing factors of neuronal origin [101] . Disturbance to this close physical relationship, either via injury or other neuronal insult, may contribute to microglial pathology. Future studies must again consider microglia together with their immediate environment and partnership with neighboring cells. The opportunity of maintaining microglia in situ can be afforded by the use of brain slice techniques, while at the same time allowing access for recording and pharmacological manipulation.
Equally important to such advances are how the activities of microglia impinge on neuronal properties within the trigeminal brainstem. Changes to synaptic transmission after peripheral nerve injury have been documented in substantia gelatinosa of the spinal dorsal horn [193] . It has further been shown that the consequences of peripheral nerve injury extend to changes in the properties of secondary neurons intrinsic to the superficial dorsal horn; the development of which may involve microglial mechanisms [194] . It remains to be investigated whether similar changes occur to the intrinsic properties of neurons or synaptic transmission within the superficial Sp5C [117, 195] after trigeminal nerve injury.
In this age of genetic manipulation, the establishment of experimental protocols in mouse models [35] allows a timely return to questions of trigeminal central sensitization. Conditional gene-knockout or knock-in animals may help to answer fundamental questions about this unique and complex sensory system in health and disease. Furthermore, advances in functional imaging of the trigeminal nuclei in humans [196] offer a unique opportunity to correlate promising pharmacological therapies with physiological readouts in neuropathic pain patients. 
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